In this study, a cycle designed for capturing the greenhouse gas CO 2 in a natural gas combined cycle power plant has been analyzed. The process is a pre-combustion CO 2 capture cycle utilizing reforming of natural gas and removal of the carbon in the fuel prior to combustion in the gas turbine. The power cycle consists of a H 2 -fired gas turbine and a triple pressure steam cycle. Nitrogen is used as fuel diluent and steam is injected into the flame for additional NO x control. The heat recovery steam generator includes pre-heating for the various process streams. The pre-combustion cycle consists of an air-blown auto thermal reformer, water-gas shift reactors, an amine absorption system to separate out the CO 2 , as well as a CO 2 compression block. Included in the thermodynamic analysis are design calculations, as well as steady-state off-design calculations. Even though the aim is to operate a plant, as the one in this study, at full load there is also a need to be able to operate at part load, meaning off-design analysis is important. A reference case which excludes the pre-combustion cycle and only consists of the power cycle without CO 2 capture was analyzed at both design and off-design conditions for comparison. A high degree of * Manuscript Click here to view linked References process integration is present in the cycle studied. This can be advantageous from an efficiency stand-point but the complexity of the plant increases. The part load calculations is one way of investigating how flexible the plant is to off-design conditions. In the analysis performed, part load behavior is rather good with efficiency reductions from base load operation comparable to the reference combined cycle plant.
in Section 5. 66 2 Process description 67 The selected process for the work is a pre-combustion CO 2 capture cycle in a 68 natural gas combined cycle power plant as shown in Fig. 1 . The power cycle 69 consists of a General Electric (GE) 9FA H 2 -fired gas turbine (GT) and a triple 70 pressure steam cycle. The heat recovery steam generator (HRSG) includes pre-71 heating for the various process streams. The pre-combustion cycle consists of a 72 pre-reformer, an air-blown auto thermal reformer, two water-gas shift reactors, 73 a gas separation stage in form of amine absorption to separate out the CO 2 , 74 as well as a CO 2 compression block. 75 As mentioned, the fuel input to the process is natural gas (stream 1 in Fig. 1 ).
After the natural gas has been regulated down to system pressure (stream 2), pre-heated to 400 • C (3), and desulfurized (4), it is mixed with steam (5) before another pre-heating section (500 • C) and introduced to the pre-reformer (6) .
The steam to carbon ratio (S/C) is set at 1.5. In the pre-reforming reactor the hydrocarbons higher than methane are converted to protect against coking in the primary reformer according to reactions (1) and (2).
Also, the exothermic water-gas shift reaction (3) converting the CO into CO 2 occurs to some degree in the pre-reforming reactor.
Before entering the ATR the stream from the pre-reformer (7) is again preheated to 500 • C (8). Also, air extracted from the compressor discharge stream of the gas turbine (10) combined with an additional compressor air stream (13) is pre-heated and supplied to the ATR (15). The external compressor is introduced in order to better utilize the operation of the gas turbine. If too much air is removed prior to the combustion chamber in the gas turbine the effect on performance and temperature profile can be negative. With the additional compressor another degree of freedom is attained and the gas turbine can be utilized in a more efficient manner. In the ATR the exothermic reaction (4) provide heat to the endothermic reaction (5).
As in the pre-reformer the water-gas shift reaction (3) converts some of the CO 76 into CO 2 . Further on, the syngas is cooled in the syngas cooler before entering 77 the water-gas shift reactors where most of the remaining CO is converted into 78 CO 2 according to reaction (3). The reasons behind dividing the water-gas shift 79 reaction into a high temperature reactor and a low temperature one are due to 80 conversion rate and catalysts. To get a higher degree of conversion of the CO to 81 CO 2 , two reactors are favorable compared to a one-reactor setup. Also, there is 82 a need for a more active catalyst at the lower region of the temperature range 83 (Moulijn et al., 2007) . It can therefore make sense to use a standard catalyst 84 at the higher temperature range and then have a separate reactor with a more 85 active catalyst for the low end temperature. Heat exchanger 3 (HE3) and 86 the syngas cooler are utilized for producing high-pressure saturated steam to 87 be added to the high-pressure superheater in the HRSG. The reason for not 88 superheating the steam in the heat exhanger is because of the risk of metal 89 dusting (Grabke and Spiegel, 2003) . Heat exchanger 4 (HE4) is used to pre-90 heat the fuel to the gas turbine to 200 • C (29). In this model the pre-combustion 91 capture (Gas separation) is using the chemical absorbent activated MDEA 92 (Zhang et al., 2003; van Loo et al., 2007) and is modeled as a 'black box'.
93
Assumptions for the capture section include a CO 2 capture rate of 95% and 94 the heat required for the stripper reboiler at 1.5 MJ/kg CO 2 . Heat exchanger 5 95 (HE5) is producing some of the steam necessary for the reboiler in the amine 96 absorption process. The CO 2 (54) is passed on to the compression section 97 where the gas is compressed in the four compressor/intercooler stages and 98 excess water is removed. To achieve the exit pressure of 110 bar a pump is 99 utilized at the end of the compression train.
100
From the gas separation stage the fuel mix (27) is passed on to the gas turbine 101 via a fuel compressor. In principle, the fuel consists of an H 2 /N 2 mixture. The 102 N 2 diluent is used to be able to operate with available IGCC-type combustors 103 in the gas turbine. For further NO x control, steam is injected into the flame. In 104 addition to running the GT on a hydrogen based fuel, the idea is to be able to 105 operate on natural gas if the pre-combustion process is shut-down and during 106 plant start-up. This requires fuel flexibility for the combustor system (Tomczak 107 et al., 2002; Shilling and Jones, 2003; Moliere, 2005) . The gas turbine exhaust 108 stream (40) passes through the HRSG for pre-heating of process streams and 109 steam generation before emitted to the atmosphere through the stack (41).
110
The steam cycle is designed for pressure levels of approximately 83/10/3 bars 111 for the high, intermediate, and low pressure (HP/IP/LP) systems respectively.
112
The pre-heating makes the HRSG design more complex and a lot of heat is 113 removed from the gas stream at the hot part of the HRSG due to the high 114 temperature requirements of some of the process streams. Note that the pre- 
122
There are certainly many configuration options for a plant like this. For ex-123 ample, one could operate the system at a higher pressure by boosting the air 124 pressure from the gas turbine compressor discharge with an additional com-125 pressor. In this way a fuel compressor would not be necessary. The impact of 126 this option was investigated by Andersen et al. (2000) where it was concluded 127 that operating at a lower system pressure and having a fuel compressor im-128 proves the overall efficiency for the cycle in their study. This effect was due 129 to the need for extra process stream pre-heating in the elevated pressure case 130 since the air was cooled before the compression to minimize compressor work.
131
Other configuration options include utilizing an oxygen-blown ATR with an This section provides details into the process models simulated in the study.
148
Assumptions for the design case analysis are described in Section 3.1. Included
149
in the thermodynamic analysis are steady-state off-design calculations, that 150 is, analysis when the plant is operating at part load. In a scenario where 151 CO 2 capture plants become common-place, part load operation will be an important part of the operation scheme. For a plant such as the one modeled in 153 this work the goal is certainly to run it at base load operation for the majority 154 of the time but as part of an overall grid strategy part load operation will come 155 into play. Assumptions for the part load cases are described in Section 3.2.
156
The pre-combustion cycle, including the pre-heating section, was modeled with
3. to be 10 K for all three pressure levels. The subcooling approach temperature 189 difference at the exit of the economizers is assumed at 5 K.
190
The natural gas composition (stream 1) is listed in Table 2 with the exception 191 of the H 2 S content which is set to be 5 ppmvd. The sulfur is removed in the 192 desulfurizer unit, which is modeled as a separator. The air composition (9) is 193 also listed in Table 2 . The ambient pressure is assumed to be 1.013 bar with 194 a temperature of 15 • C and a relative humidity of 60%.
195
The pressure drops in the pre-reformer and ATR are set at 5% of the in- suggest that it does not make sense to operate a plant, such as the one in the 229 study, at a much lower GT load than 60%. Certainly, the plant still has to be 230 able to operate at lower part load points, not the least during transients such 231 as start-ups and shut-downs; however, transient analysis is not covered in this 232 study.
233
All the hardware in the off-design cases are identical to the design case. This 234 also means that the extractions of the steam turbine are set. Since the part 235 load operation is with sliding pressure operation of the steam cycle the steam 236 pressures at the extraction points will decrease. In the case of the steam for the 237 reboiler in the amine absorption system the design case was actually "over-238 designed" to allow for a sufficient steam pressure (and hence a sufficiently high 239 condensation temperature) for the part load cases.
240
The turbine inlet temperature reduction was removed for the off-design simu-241 lations since the temperature was decreased anyway for part load operation at 242 the 80% and 60% relative load levels. was not necessary to use by-pass valves for the various heat exchangers at the 253 steady-state part load cases simulated (although likely needed during lower 254 part load and start-up and shut-down).
255
For the analysis of the various heat exchangers a correction of the heat transfer coefficient was done based on the gas massflow. The correction is based on course literature from Bolland (2006) as displayed in Equation (6).
U is here the heat transfer coefficient,ṁ gas the gas massflow, and m a constant. For a staggered tubes configuration with assumed tube pitches of 2.5 (Incropera and DeWitt, 1990) :
S T is the transverse pitch, that is, the distance 90 • off from the flow direction between the centers of two adjacent tubes. S L is the longitudinal pitch, that is, the distance in flow direction between the centers of two adjacent tubes. D is the tube diameter in the heat exchanger. In HYSYS there is the option to lock in the UA specification for a heat exchanger. Since the area A is constant one could re-write Equation (6) as:
A similar expression, the exception being the m-factor which was set at 0.6, 256 was used by Haag et al. (2007) . 257 4 Results
258
The main results are summarized in Table 1 . Included in the table is the power 259 consumption for the air compressor (external to GT), the fuel compressor, 260 the CO 2 compression, the pump work in the amine absorption system (gas 261 separation pumps), as well as the additional boiler feed water pumps in the 262 pre-combustion system, and the remaining plant auxiliaries. The auxiliaries 263 post in Table 1 includes, among other items, the regular boiler feed water 264 pumps and the cooling water pumps.
265
The design case LHV based cycle efficiency is 41.9% with a net power out- The HRSG has a different design than would be present in a typical NGCC The off-design calculations resulted in net plant efficiencies of 40.4% and 38.0% 293 for the 80% and 60% load cases respectively. The capture penalties for the part 294 load cases are very similar to the design case, that is, around 14%-points.
295
The CO 2 capture rate varies between 93% and 95% for the different cases, 296 with CO 2 emissions of 29-33 g/net kWh electricity. The CO 2 capture rate is 297 defined as the fraction of formed CO 2 that is captured.
298
Stream data for the design case is displayed in Table 2, for the 80% load case   299 in Table 3 , and for the 60% load case in Table 4 . to the HP superheaters. The heat from the syngas is used for the economizing 319 and boiling of the high-pressure water. This heat integration increases the cycle Table 2 Stream results for the design case. formed in the paper, it is possible to operate a complex plant like this one 326 at part loads down to 60% GT load and possibly lower. Not included in the 327 part load study are compressor mapping for off-design calculations for the air Table 4 Stream results for the 60% load case. 
